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SUMMARY 


It was the purpose of this investigation to 
determine the effect of changing inlet air temperature 
on the vaporization of benzene fuel sprays under con- 
ditions similar to that encountered in jet engine 
combustors. This was done by photograohing the fuel 
soray and, by measurement of the fuel droplets, 
determining the mass of fuel present in the spray. 

iu wac found vneat. air temperature Mas is “creat= 
est effect at short distances from the fuel injector 
amos thatethis @ffect diminished as the distance was 
increased. An empirical formula was derived that 
correlated the percent of fuel remaining unevaoorated 
with inlet air temperature, distance from the fuel 


injector, and the boiling point of the fuel. This 


@ Er 


where Kk is a factor dependent upon the fuel being 


formula is; ot 
M 


considered, Correlation was obtained between benzene, 


isooctane and JP-5 jet fuel. 





AN INVaSTIGATION OF THe «FFrenCTS OF ATK 


TiMPLRATIUKs ON BeaNZwNe SPKAY VAPORIZATION 
INTRODUCTION 


One of the primary design considerations in the 
Seveloonens OL Gater emeine its the ignition delay of 
the fuel. This ignition delay is the time interval 
Bemvectierucl inieerion and fuel burning. Since thé 
fuel cannot burn until it has vaporized and mixed with 
pacemasr Go form awcombustible mixture, the ignition 
Gelay is influenced greativ bv the vaporization rate 
of the fuel. Anvthing that can be done to hasten the 
vanorization of the fuel will reduce this delav. With 
a smaller delay time, the combustor can be made shorter 
and more compact, with aopreciable saving of space and 
Verehc in the engine . 

THe evaoOrizapron rate of a single drop of volatile 
oni sptvinwatruts GCenpendent 200n three primary 
factors:t° | 

ime hewcondition of the amblent air, measured by 

Deseo rescure andy vemosravire . 


Poet ae et weleisca 2nd itsmoronverties, namely vapor 


1. 





pressure, diffusion coefficient and thermal 
CONGUICELVILY . 

[eeeivoewiirial conditions of the drop, that is, 

fuel temoerature and drop size. 

if the Sir ts nowe@iven velocity relative, to this 
single drop, the relative velocity between the fuel 
Groo and air will influence the vaporization rate.<: 

Now if the single fuel drop becomes a fuel soray, 
tMemspray Gensity will effect the vaoorization rate of 
Cio walcheim toe teu, this effect may be visualized. by 
imagining one fuel droplet traveling immediately behind 
another. The first dronlet's vaporization would be 
Serermined by tnewsingle drop factors owtlined above, 
Ditevae, va yorizZation of the second droolet must be 
wEeweempecaise of the fuel vapor already in its path. 
This interference effect of one drop uvon another 
Sore cluo.y Aincreaseswtne Gililiculty in making a rational 
derivation of spray vanorization rates, 

Miuieimainy) CClLe@GuLirougi &@ NOZZI1S Into a combustor 
Dasses through the following stages. The fuel leaves 
Meiemile2etemorr 1ce a5 a lteament or sheet. +The turbu- 
hence ol Lie wurimary air tlow ane shearing stresses 
Wecname tne 1lyiad ligament break down the ligament into 
Seeeectenie sauce GrouleLs, Aopreciable neat transfer 
from the air present in the combustor to the fuel occars 
only after the ligament has broken uv into droplets. 
lies Cdue.tO tie anorectable increase of shriace area 


Le 


Pee venruicl that LS exposed to “Zme air. The heat 


ee 





transfer mechanims is mostlv conduction and convection. 
The radiant energy transfer from the flame front and 
combustor walls is not significant in present day 
combustors.°° 

As neat transfer takes place between the air and 
fuel dreps, thewaroplets heat up and at the same time, 
lose part of their mass by vavorization and diffusion 
imvowrcne alr, witm both meat and mass transfer being 
markedly affected by soray droolet size and velocity 
relative to the air. The smaller the Aes Si Zee une 
greater surface area of the snray, hence the frreater 
heat and mass transfer.<° Alsou one Lepoer tneyrelatave 
velocity of the spray, the greater the heat and mass 
transter, Since the blanket of air and vapor surround- 
ing each drop is being strioned awav faster. 

The Groplets are also slowed down (or sveeded up) 
relative to the air bv aerodynamic drag forces. The 
smaller droplets lose their mass faster and evavorate 
hoster eunam tne jarger droplets. Thus, a cloud of vanor 
due to the smaller drovlets is rapidly formed and moves 
eloneeywitn the air. The mass of vapor oroduced by the 
wea eerwarouvets rs added to this vavor cloud. Some- 
Victem MmuMemeomolassor, a Combustible mixture of air 
and fuel vavor is formed and is ready for ignition at 
that ave luteae 

some work has been done on vaporization rates of 
Single droos. Ingebo obtained vanorization rates of 


pure Iiquid drops by injecting the liquid into a cork 


Oo. 





sphere in a moving airstream and measuring the mass 
fioweor troquia necessary to keeo the cork snnere 
wetted.** He continued his work by next determining 
the effect of oressure on the vavoorization rates of 
Senale droos.°' 
wi-Wakil has made a theoretical investigation of 


the unsteady state portion of single drop vaporization<: 


MGmiicorculcullatcamvemocratuire and muss histories of 
vanorizing drops.?: 

One method of obtaining soray data is by vnhoto- 
graohic means. Vork and Stubbs outlined an expner- 
femecweimneL Mod tommaererinining the size aqistribution 
omaevelLocities Of “aroos in a water spray.°° Ingebo 
MecGwauemodlt 1Cativonsot this method in his study of 
soray vaoorization rates, obtaining shotomicrographs 
of sorays with a droplet camera develoved at the NACA 
Lewis Laboratories. ’* 

It is the intention of this proiect to measure the 
Sie eChron suCmperNeare On DeNZene Soray vavorization. 
Penzeonewwag selected as the fuel for availability and 
ScOnomuerrensons end for tne fact that 10 1S a pure 
fui Ooccwuonmm anoles ists thesprovervies of Benzene. 
Pierre ise ore veG into a wind Tunnel! air stream heated 
to various temperatures and the spray photographed. 

PMO Gie plOoOLopranns, the mass of fuel evavorated is 


Teeoumiieas ss tne following parameters are held constant; 


Pie Wweucmperacvire. pressure of injection, nozzle orifice, 





air velocity and air pressure. Air temperature is veried 
and the spray ohotogranhed at various distances from the 


nozzle. 


BQUIPMeNT 


The wind tunnel used is, basically, the one de- 
seribed in Ref. (8) with various improvements and 
MeeriNeaLvions incorporated. Some of these modifications 
are described in Kef. (9). Additional alterations 
were made, the main one being that of suspending the 
eunnel ein & vertical position. Fig: 1 is a schematic 
of the wind tunnel in its final configuration and Fig. 2 
MomeconnosltCe ohovogranh of the tunnel. 

The tunnel walls are one-cighth inch steel, welded 
Poeeuder and reintorcea with angie lron strips. The 
settling chamber and the nozzle section are insulated 
with a one inch fibreglass blanket covered by three- 
quarters inch magnesia cement and finished by a canvas 
wrannine. 

Air is drawn throurh the tunnel by means of a 
Macumiumerecaved at the air inlet side to a centrifugal 
compressor. ‘he comnressor is driven bv a 165 horsevower 
Imreoming tank engine with a gear ratio of 7.46:1. 

Piro to a2 Ohotopraohn of the tank-engine and Pig. 4 
Caen =COmMOresSSOr.. 'ne CGneine 1s controlled by the 


throttle adjustment at a remote control station vanel. 


The air flow path is through an air inlet valve 


De 





Pare too ol the tunnel, thence through a heater 
section eqiinoed with twelve chromalax 2é0O volt, 

yo OP tee tim strap electric heater. These heaters 
are controlied by a switch board adjacent to the tunnel 
and two variac units. Fig. 5S and Fig. 6 are diagrams 
of the neater location and wiring diagram. 

From the heater section the air passes through 
the settling cnamber which is equivped with three 
screens to damo large scale turbulence. The air is 
UietieaececeoleraLved unrougnm the nozzle section into the 
Poot GeculLon. 

iMiewaiY iseGreawn, Out of the test section throuened 
90° elbow equioped with an air bleed valve, thence into 
Vaicwawecting running to the compressor inlet. The 
diffuser and surge tank described in Kef. (8) and (9) 
weoemeciimimated inmeaLitication. 

Dmewsquare) tesee section has inside dimensions of 
four inches by four inches and a length of twenty 
inches. Two side walls are one-half inch thick pyrex 
Pileass ior visual and photogranohic observation. Static 
pressure tans are grilled every inch along the center- 
Pence or tne top wall of the test section, with large 
Qo oearribeawim various Locationssior insertion of 
Mint Ores sire ananLemocratire probes.) See Fag. 7. 

hiecieecwir ceed Iinko tie gir stream througa a 
WMOmeanenloOcaeca On the Lest Section axis at the test 


section entrance. A one-half inch pine running axially 





throigh the settling chamber and nozzle section serves 
as a mount for the fuel nozzle and a container for 
the one-eighth inch cooner fuel tubing and coolant water. 

The fuel system consists of a five gallon fuel 
tank that is voressurized from a carbon dioxide gas 
cylinder. See Fig. 8. The fuel tank is immersed in a 
water jacket and is maintained at water tap temperature. 
Two senarate filters are installed in the fuel lines, 
one of which is a steel mesh hydraulic fluid filter, 
the other, an automotive engine oil cloth filter. ‘The 
Hue} line is equivoed with a pressure gage and a control 
valve. 

A fuel nozzle delivering a synrav that was flat 
Mmonmenoirectlon was erequired in ordér Lo eliminate 
wetting of the glass side walls of the test section. 
Wetting of these walls would vorevent the taking of 
Dhotogranhs along the lengtn of the test section. 
Considerable difficulty was encountered in manufacturing 
Such a nozzle with the required low delivery rate, how- 
ever one nozzle was finally made that delivered .8355 lbs. 
of benzene per minute at 80 p.s.i. oressure with a soray 
angie of twenty deprees in one direction. This nozzle 
f-snomeed in Ene tunnel and oriented so, that the flat 
spray sheet is parallel to the glass side walls of the 
mest SeCL LON. 

The camera used to photogranh the spray is a 


4 x 5 Speed Graphic with a hodak k&ktar £:4.5 lens. 





A Tiffen+3 close up lens is mounted on the camera 
for more magnification in the »hnotogranhs. The camera 
{4s mounted on an adjustable trinod equi»nea with an 
elevating rack so that the camera can be raised or 
lowered axially along the length of the test section. 
The film uased was hocGak Roval Pan with a tungsten ex- 
Socumemlniae*x Of pleco.) Ihe neratives were ageveloped with 
Lime soo developer soma printed on high contrast oaner. 
pocet ie. 2 Lor camera and Light mounting positions. 

The first attempt to pohotograoh the spray was 
made using a carbon arc llamo and a plano-convex lens 
momeconmcentraLle thewiiaght., A mirror mounted on an 
StecericC mMOLOr WAS wisea as a chop xér in the kieht beam 
Wemuewerer uu. Lie Vitt@heinbo the test section. However, 
Miememccurlc motereecould not be run fast enough to 
stop the sorav drop images on the film and this 
aooparatius was abandoned. Fig. 10 is an examole photo- 
proaon OOLained with tnis aodaratus. 

the light source finally usea was a Gu AH-=-6 
meregry ere jlamo vowered by a thyratron electronic 
Girechit designed and built by the hosemount hesearch 
Sewer won EnCulm Veroitty of Minnesota. This) light 
pource vigldqed thervexcellent shotograph of Fig. 11 
Toouchmanhawoe a Conical Spray nozzle delivering benzene, 
Micwleame Mas a flash duration of six microseconds and 
a oower of annvroximatelyvy 125 watt-seconds. The light 
flash is controlled bv the trigger switch in the circuit. 


see Fig. 12 for the wiring diagram of the power slupoly. 


Bee 





Several light nositions and camera settings were tried 
with the best ohotograohs resulting from a camera 
setting of f:16 and the light placed at a sixty degree 
angle from tne camera axis on the onvosite side of the 
test section as shown in Fig. 9. All vohotographs of 
test runs were taken with this set up. Due to the 
limited s»xace available, the light had to be moved to 
the wooer alternate position as the camera was lowered. 
However, this caused no annarent change in the quality 
Si che photorraons. 

Instrumentation for the tunnel was as follows: 

A. Temnerature measurements. 

Whnree Jron-constantin thermocousles were usd 
to measure the necessary temoeratures. These ther- 
mocoiniles were wired through a-switcnbdoard to a 
direct reading Leeds and Northruso potentiometer. 
The thermocousle locations were: 

ne ShemeemuetatO! Lie sbesge SCCULLOn to ™orovide 
inlet air temperature before spraving of fuel 
Mewads ) (aS eiermocouple was inserted into tap 
number four (see Fig. 7) and was mounted inside a 
Dresses hireldenpencned tO 2 small Giameter tube. 
The tube ran through a vacking gland inserted in 
TiiemeoCumcCOouLon tan SO Ga@at the thermocouple could 
be withdrawn from the camera field of view before 

: a ohotogranh was taken at that station. 
2. The cooling water oitlet to provide cool- 


ing water exit temneratiure. 


a 





5. The duct to the compressor inlet to read 
comoressor inlet air temvoerature. 

The temrerature of the fuel tank water bath 
was read by means of a standard mercury thermometer. 
B. Pressure Measurements. 

Three pressures were recorded for each test 
Ri eee esc wien < 

ie esteseculon Static pressure: a standard 
mercury manometer was connected to a static pressure 
Lopwab Sthirenmew = | Inem of the test section. 

De beotmce colon dynamic pressure’; and& inclined 
tube alcohol manometer was used, one side of which 
was connected to a total pressure probe inserted 
Po Lest Seg¢rlon vax number one (see Fig. 7) and 
PterOuUIeCY Si@emconnected to a static oressure tan 
Mees Uae HOMe ame ron tie obest sect von. 

oO. Fael sressire was measured by a standard 
bDoUeCOnMtabempreccire gure inserted in the fuel 


line near the fuel control valve, 


PROCR DUR 


The first modification made to the wind tunnel was 


Suspend the tunnel vertically from the overhead. 


Temnoeratiure vorofiles were then measured to see if the 


large temoerature gradients reported in Ref. (9) had 


Peemmecorreected., Inese oroliles are shown in Fie. 13, 


Oi 





showing a still unsatisfactory, but symmetrical, 
temperature gradient. The tunnel wus then insilatea 

with magnesia cement and canvas, and temperature 

orofiles apain measured at four different temoerature 
levels. These vorofiles are shown in Fig. 14 and indicate 
an acceotablyv flat gradient. 

Velocity orofiles were then measured and are odlotted 
in Fig. 15. These measurements indicate a good velocity 
Mest Dilton throlpmout the test section and exhibit 
tieescheracteristic Shape of turbulent air flow. 

The tunnel operating variables were static pressure, 
dvnamic pressure, and temperature. ‘These variables 
aetermined the air density and velocity. Nomographs 
were calculated ana plotted so that air velocity could 
Dewourekty determined. 

It was desired to simulate as closely as vossible 
the conditions present in the combustion chamber of a 
Heovrouere@ne, while varying the inlet air Cemoerature. 
Recordingly, the inlet sir velocity was set at,o0O ft. 
oer second which 1s a representative value, for com- 
bustors. (Kef. 10). This velocity was close to the 
minimum velocity at which the tunnel could be operated 
Betely as thevelectric heaters require a cooling air 
flow of 5O ft. ner second to prevent damage to the 
heaters. 

Tunnel static oressure could be varied from 25 in. 


of mercury to 29 in., depending uvon atmosoheric 


pressure. The test »oressure of 27 in. was selected as 


as 





Mae ranree . 

Tunnel temperature was varied from ambient air 
temnerature to about 410° P dependingky Goon air velocity. 

Prior to starting the nrime mover, the fuel tank 
ves Wledwecapnod,. and pressurized to 80 5.s.i. ‘The 
water tacket was filled with tav water und the water 
jacket temoerature recorded. The orime mover fuel 
tank was filled to prevent engine stonoage due to fuel 
Bucrvallon WiLle wine Mmeaters were on. Ihe barometric 
pressure was read from a standard mercurv barometer 
and recorded, and the manometers were zeroed. 

The orime mover was then started and the desired 
number of heaters turned on. While the tunnel was 
ComammeriD tO temoerature, the thermocousles and 
Poeemrromeler were wchecved for oroper ooeration. The 
Camera was set 10 and focused on a .O02O inch wire 
inserted through one of the static pressure tans. The 
eemera was then elevated to Station S and loaded with 
ea iis. 

Evento aywonmrom bine airoinmler valve, the air 
Dicea valve and the orime mover sopeea, the desired 
static pressure and dvnamic oresSure were set in the 
peomcro The dynamic nressure was cetermined from the 
nomogranh for the desired velocity and the temperature 
Mmoreecunnel, saemmen the operating conacltions®were 
reached, the mercury arc lamo oower sSuoodlv was turned 


on. During the three minute warm uo oeriod of the 
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power suooly, adjustments of the camera, light, and 
tunnel operating variables were rechecked and recordea, 
The water exit temverature was recorded and comoressor 
inlet temoerature checked to see if it was within limits. 
If the comoressor inlet temperature was too high, the 
water quench soray in the compressor ducting was turned 
OM. 

When the mercury arc lamp was reaay for operation, 
the room lights were turned out and the doors closed. 
The fuel soray was then turned on and the fuel oressure 
Senuseted to GO-p.S.1. 

The camera shutter was then cocked, ooened, the 
mercury lamo flashed, and the shutter closed. The fuel 
spray was turned off while the camera was lowered to 
tiem «ee SLabioneaagea Loe lanp adiusted. The process 
was repeated until ohotopraonhs at four stations were 
Simerned Tor Cac vest tLeomucrature, These stations 
Motor mo, LO ony Oo and. 1l/. 0 inches from the nozzle. 
These distances were determined bv measuring and mark- 
Pie ne rack Of the camera triood. 

PEPUiemOCOMbOLeLlom Of Cach Lest témoéerature run, 
the Lignts were turned on, the room ventilated and the 
heaters adiusted for the next temperature. The camera 
was reset at station © and the focus checked again with 
the wires. When the t#innel temosrature reached the next 
TeSueeOt ty cae above oOrocedure was repeated. 


Tunnel shut down consisted of turning off the 
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heaters and running the comoressor at high speed until 
the tunnel cooled sufficiently to orevent damage to 
the heaters. The prime mover was then stooned and the 
fuel svstem de-pressurized. 

A Bnet oRRaon was taken of the .O2O inch wire to 
nrovide a measure of magnification in the final en- 
largements and to establish a scale factor for droo 
Size measurements. 

The ohotograohic olates were then processed and 
examined for qualityv before enlargement. 


Table II lists the test conditions under which the 


photograohs were made. 
ReovLTs 


Tiemvceal Wawro vudy Lone vajori zation history 
Si eomootey WOUlGsbe sla Select a grous of soray droplets 
as soon as they are formed and follow this group along 
HMicwreM CasOtmumenLesy, SECTION, Since the oshotograchic 
equipment was not available to do this, the best alterna- 
Cuveswace Lo scclect e€quivalent @reas in the spray té6 
Wim nine conor tion of constant velocity of the soray 
Heo VemwOomuleo walt sc chaved Lhe selection of eqpal 
Sveamicnoras wat. Cecen of tne four photogravchic stat lous 
along the test section. The selection of area widths 
was based 100n the sSoreadins of the sSnoray across the 


test section due to the nozzle snrayv angle of 20%, the 


widest area being selected at a distance of 17.5 in. 
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from the nozzle and vprovortionately narrower areas 
selected as the distance from the nozzle decreased, 
This, the same number of drops should be included in 
Seg OnOoLosTrapm at a Civen temperature, provided no 
evaooration took place. 

From this consideration of the spray geometry and 
the enlarging equinment available, areas of the spray 
ohotogranhs were selected for enlargement as indicated 
im Pie. ie. Accordingly, these areas were outlined 
on the negatives in india ink and enlarged avpvroximately 
five times. Ail pvnhotogranhs were enlarged the same 
amount and from measurements of the enlargement of the 
f20eenen wire, the total magnification factor of 
1:10.75 was established. Figs. 17 thru 20 are enlarged 
photograohs of the soray at station 10. With the en- 
larged prints available, the counting and measuring 
of the sprav drons could be accomplished. 

A sheet of plexiglass was ruled off in small 
rectangles to use as an overlav on the ohotogranhs. 
This overlay sub-divided the enlargements into small 
areas as an aid in counting and measuring the sorav 
droplets. 

A card was ruled with lines of varying width. 

The smallest line was .Ol1 inch in width, which, with 
the enlarged scale, was equal to 23.6 microns actual 
measurement. Thus the smallest drops measured were 


e£o.6 microns in diameter. From the .0O1 inch width line 


the measuring lines increased by a V2 progression, 
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aoproximately, to a width of .0& inches. Taus vne 
largest drov measured was 189 microns in diameter. 

See Table III for drop size increments. By comnaring 
each dro»n with the lines ruled on this card, the droo 
size was determined as each droo was counted. Since 
not all dronos in the pnhotogravhs were in focus, only 
the drops with sharp images were counted. A jewelers 
eve loune of 7 X magnification was ased to examine all 
G@moeos that were borderline. 

By photography, a direct determination of the 
amount of fuel voresent in the sprav can be made. Since 
the volume of a fuel drop is determined bv the cube of 
tts diameter, the total ari Cee UuCl yresenl is 
Penresented by the product nD3 where n is the number 
of drops in the spray and D is the diameter of each 
Grop. Then bv a conversion factor, ?_nb® can be changed 
to mass of fuel in pounds. See sample calchilations. 
Therefore for each drop size ieaeronent in each vohotograph 
the nroduct nD° was formed, then summed, yielding ¥nb° 
which is a measure of the volume of fuel remaining in 
the photogranh. This data is summarized in Table IV. 

PWeeracr eC cect ene renroducesaDllity of the dron— 
Srze Count, one area was counted on two senarate 
occasions, with a resulting variation of 17% in the 
final values of SnbD° obtainea. This variation was at 


Yas 1800 x 1078. The 


a droo-size count level of >nD 
Srwore.c admattedily large, but justiflable in view of 


the crude methods available for measuring drop sizes 


Gi 


eiompme Large Mumber of drons out of focus. 

In forming the oroduct nbD° for each dron size, 
the uoper value of the diameter increment was used 
Pier Loen an arithmecvic mean of the increment. In 
measuring the drop sizes with the ruled card, each 
Gasol We ested a size according to the line which 
it nearest matched. Thus, drops both larger and 
smaller than a measuring line were assigned diameters 
of that line. The un»ver value of each increment then 
became an average value for each drovo size with the 
Sweeguron Of the viirsG increment. An arithmetic mean 
Miowra tave been usea for the first increment to be 
Eiebetly COTrect, Mowever, the upnver valie was used 
Morwconsistency. 
~ In Ref. (11) Bahr arrived at an empirical formula 
to exnoress the degree of svrav evanoration for iso- 


octane snpravs. This formila is 


eS oes 4.4 pee ~1. Boe oe 84 
JOO-N a ae es L 


witeremN lS the percent of shray vaporization, Ta is the 





inlet air temveratiure in °R, Va is the inlet air 

welocity in feet per second, Pa is the inlet air pressure 
Mi ncMOoGeOlsmercury abvsOlate Pi is the foel injection 
pressure drop in pounds ver square inch, and L is the 
Swrciwadistance trem the fuel injector in inches. With 
Gleverhaplca constant excent inlét air temoerature, 

the degree of sorayv vanvorization is oroportional to the 


air temperature to an exnonent. Therefore on a log-log 


as 








plot, the mass of fuel remaining versus the inlet air 
Memoecratire shoula plot 4s a straignt line. Further- 
more, for each axial distance from the injector, the 
lines should remain parallel but offset from each other 
byeae constant, cependent upon the axial distance. 

Recomeiet em inerif.) 2), the uncorrected mass of, 
fuel,> nb*, is plotted against inlet air temperature 
at various distances from the nozzle. At a distance 
Orumave inches trom the nozzle, the data points fall 
mone a Strarent lime very nicely. However, as the 
distance from the nozzle increases, the soread of the 
Soca ooants inereases until at a distance of 17.5 
Piemeageirom Chew Mozzle, the agreement is very poor. 
ieeomucecdic CO Civesincreased percentage of error that 
one large drov can introduce at the lower values of 
snd”. it is felt that this error cannot be reduced 
unless a more refined photograohic technique is em- 
ployed, namely, a greatly enlarged denth of field 
would permit more drovs to be in focus and to be 
counted, thus eliminating the decisions to be made for 
each drop as to whether or not to count and measure 
that drop. 

A straight line was drawn through the data voints 
Ol Fig. cl as a method of averaging the error present 
im the data. From these straight lines, average values 
of > nb? were read and recorded in Table IV. From the 
averaged values of F nD° the mass of fuel remaining was 


calculated and recorded in Table IV. 


Wey e 








It was then necessarv to aetermine the amount of 
fuel injected from the nozzle so that the percentage 
of fuel evaporated could be calculated. This was done 
by two different methods. The first method used was 
to ovlot the uncorrected > nD* valu@s versus distance on 
a log-log granh using the various temneratures as 
oarameters. These curves were extrapolated to a distance 
of three inches. See Fig. 22. At this distance, the 
values of >nD° were read, and plotted against temoer- 
ature on a log-log graoh. A straight line was drawn 
through the voints to average them, and the averaged 
votimnes: replovted on the original granohn. The curves 
were then extrapolated to 2.5 inches and the process re- 
peated. ihe proceaure was carried out in one half 
inch increments until a distance of one inch was 
reached. Here an average of the values was taken as 
the amount of fuel injected, with the assumotion that 
Domo oureciableseyapormation had occurred in the first 
Inch of fuel travel from the nozzle. The amount of 
fuel injected was determined to be 1780 x home los. 
Girine Une time inverval covered by the photogranhns. 

The second method used to determine the amount of 
fuel injected was bv calculation based uponthe fuel 
delivery rate of the nozzle. See sample ern ann 
From these calculations, the amount of fuel injected 
was determined to be 2485 x 10729 ibs, 


The extrapolated value of 1780 x Obese los. was 
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used to calculate the vercentage of fuel evanorated 

as it was felt that this value was the more accurate 

of the two. The calculated value was based upon several 
assumptions which were known to the anynroximations, 

The final graph of mass of fuel remaining versus distance 
from the nozzle is shown as Fig. 25 on a log-log plot. 
The vercentage of fuel evaporated is plotted against 

air temoerature in Fig. <4 and against distance from 


ine Nozzle in Fig. 252 


DISCUSSION 


DMNce ble woo ,Ceuauve Ol this° investigation was to 
study the effect of varving air temperature on benzene 
Pitawmoy tt Was Geslired to hold all other parameters 
constant. The fuel temnerature, vressure of iniection 
and fuel nozzle orifice were kept the same for each 
run. These parameters determine the amount of fuel 
Mimecuecqwtnte the Test Section. Therefore, the mass 
fiow of fuel was constant, as was the initial velocitv 
of the sprav. The inlet air velocity was held constant 
so that the relative snrav velocity did not change. 
The static air pressure was held constant at 27 inches 
DemncTOury ones bine alr tenoecrature varied, the alr 
density and air mass flow varied. This caused the 
iGer-93ir ratio to vary, so that two parameters onttr 


Mivom@nicwanitar oreSsenved: tne varvame fuel air ratio 


20. 





and the varying inlet air temperature. With the 
equioment available, it was impossible to vary the 

air temperature alone, while holding all other parameters 
competant. 

It was hoped that, with the Pike spray nozzle, all 
drops in the spray would be in focus. However, this 
was not the case, as was apparent from the first 
photogranohs examined. Bv counting the number of drops 
in focus and then the total number of drops in the 
pmovorra nn for several plates, it was determined that 
the percentage of drons in focus averaged 38.5%. This 
was due to the extremely narrow ohotographic depth of 
field for the camera with the close up lens attached, 
Therefore, the mass of fuel as determined from the 
photographs reoresents only aporoximately 38.5% of the 
total fuel present. This factor was assumed to be 


constant and was taken into account when calculating 





the amount of fuel iniected based uvon the nozzle 
delivery rate. See samnle calculations. 
From a visual examination of the fuel delivery | 
from the nozzle at low pressures, it could be seen 
Bien the iwel was concentrated towards the edges of 
the triangular snray as indicated in Fig. 26. The 
sprav edges were solid streams of fuel while atom- 
Uaweron Was GbLaAlined only at the center of the spray: 
Weyer nereasca Tuell pressure, the whole spray became 


atomized but the fuel remained concentrated at the 
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soray edges. The spray density was not uniform, buat 
homered stribpilbionm pattern indicated in Fig. 26. 
This is shown again in Fig. 27, which is a photograph 
Of@ene soravy edge at a distance from the nozzle of 
five inches. 

Pointed e i oubLOn pattern for conical 
soravs is reported in Ref. (12). From curves plotted 
Ma enis reference, 1 was estimated that 75% of the 
mice the So oraéy 1s concentrated in the outer edge 
of the snoray. Therefore, the total mass of fuel 
delivered bv the nozzle was reduced by 75% to allow 
Hommes NON-unliorm soray distribution. 

Peace ceLlcmVvecroGrey Ol tLherdrops in tne sprav could 
Memmocencasured, ttuewas calculated from the Bernoulli 
equation, v2" = vi" (Pl = P2) | the initial fuel 

ce LE Ce 
velocity in the delivery pipe (V1) was neglected as 
Ceormmsmatt. Initial soray velocity was calculated 
oecumiy es) Lue peresecond for the fuel del lveryv 
oressure of 80 p.s.i. gage and was assumed to be constant 
TihOm@olb ene length Of the test section. It would 
have been desirable to have the initial fuel velocity 
the same as the inlet air velocity so that there would 
be no relative WBlloett y between the Soray Groplets and 
the air. However, the high fuel delivery pressure was 
necessary to ootain good atomization from the nozzle. 


tgesenacsumoLions of constant Soray velocity 


DLOrOushiouue Lie Lest Section, a spray edge concentration 
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factor of 75%, and a constant vercentuge of drovos in 
focus were used in the calculation of mass of fuel 
iniected, and is the reason why the extrapolated 


EO 


value of 1780 x 107 lbs. was used in preference to 


10 45s. The 


the calculated value of 2485 x 10° 
discrenancy in the two values is not considered to be 
serious, pvarticialarly when working with quantities of 
such small magnitude. 

From the plot of percent fuel evaporated versus 
inlet air temperature (Fig. 24) it can be seen that 
the effect of increased air temperature was most pro- 
Moumeca 80.8 Gistanes of five inches from the nozzle, 
femeoirs Gistance an increase of air temperature of 
moOOrer 1 Form 150°r) to Z00°F, increased the percent 
vaporized by 35%. However, as the distance from the 
nozzle increased, the effect of increased air temoerature 
diminished, until at 17.5 inches from the nozzle, their 
was very little effect. This was due to the very small 
droplets that evaporate in the first few inches of 
travel, creating a vapor cloud surrounding the remain- 
ing droos and slowing their evavoration. Then, too, 
the larger droplets are slower to evavorate because 
tmelir Negting up oeriod is longer. 

For the conditions under which this investigation 
was conducted, the axial distance from nozzle has a 
greater influence over fuel evavoration than does 


inlet air temperature as can be seen from Fig. 25. 


This figure is a cross volot of Fir. 24 and shows vercent 
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of fuel evavorated plotted against distance from the 
nozzle using air temverature as the »%arameter, This 
greater influence of aistance was due to the high 
volmetility of the benzene, which allowed a very high 
degree of vanorization of the fuel droplets in the 
Pecaverewe wnemes ol travel, Also, the sruci ede Livery 
nozzle had a fine degree of atomization as can be seen 
Men oreeo Oo DLOb Of Lypical droo size distribution. 
Wie preavest number of drops were of the smallest sizes 
manee., from 0 to oO microns. 

It would have been of interest to investigate the 
fuel evanoration at points between the nozzle and 
PeeevOneA = o inches from the nozzle, However, due to 
the amount of labor involved in counting and measuring 
tae =Oreps in @ach photograph and the shortage of time, 
Poitoecould not be done. An attempt was made to 
nhotogranh the soray with ambient inlet air temoerature 
of 84°, Untortunately, only two of these vhotogranons 
HeLowmlsceore and wore plotted only as substantiating 
evidence. 

iieoraeratorcorelare the results of this investie 
gation with the work of others, data from Ref. (11) 
was plotted in Fig. 24. The data renorted by Bahr was 
for tso-octane spruyed contra-stream to the air flow 
Smesmeasurements made at a station 10.4 inches from the 
nozzle. The higmaer evanoration rate of the benzene 


was due to the higher volatility of this fuel compared 


C4. 
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PomesOcetane. Aico, ifm Bahr's work, an air velocity 
of 193 ft per second was used, so that for equal dis- 
tances from the nozzle, the isooctane had spent less 
time in the air stream than the benzene. 

Again, in Fig. 25, data from Bahr was plotted, 
along with data reported by Ingebo in Ref.(7). In both 
instances the fuel was isooctane sprayed contra-stream 
Tooieaneanles airytemoerature of 85 F and an inlet air 
Memociuy Of SopDroximatvely 190 ft per second. Here too, 
the benzene exhibits a higher rate of evaporation due 
to the aforementioned volatility. 

The percent of fuel remaining uneévaporated was 
then plotted in Fig. 29 on a log-log plot. The slope 
for benzene evaporation was measured as .687 and was 
Comectant Lor 6achwaxial Gistance Irom the nozzle. Data 
for isooctane from kef.(11) and data for JP=-5 jet fuel 
from RKRef.{(13) are also plotted and have measured slopes 
of .982 ang 1.4 resvectively. Thus the evaporation of 
benzene is denendent upon some function of the air temp- 
euavure, such as 

SP ilk: 
M = hT : 
a 

One would not exvect the rate of evaporation of 
ali three fuels to be the same because of the difference 
iieevolacwlity anad boiling points. For instance, benzene 


O oO 
has a boiling point of 176 F, isooctane is 243 F, and 


O 
dF=o fas an initial boiling point of 360 F. 
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It was interesting to note that the sloves of these 
curves were in direct provortion to the boiling points 
of the fuels. Using this fact as a means of correlating 
the data, an empirical formula was derived for the per- 
cent mass of fuel remaining unevanorated. This formula 
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M = ie Tee 
Be feo 
Ta 2 d 
[x38 | oa 
where Me is the calculated percent mass of fuel remain- 
ing unevaporated; Ta is the inlet air temperature in 
degrees Fahrenheit; BP is the fuel boiling point in 
depress Fahrenheit; dad is the distance from the nozzle 
i inch®s and K is a constant dependent upon the fuel 
Deedee 1VHlUGSeotwmn were determined to be 1.70 for 
benzene; ¢2.9%4 for isooctane; and 4.05 for JP-5. See 
Appendix A for formula derivation. 

Using the conditions under which the data was taken 
in Ref. (11) and (13), M was calculated for JP-5 and 
Lsooctane, M was calculated for benzene for the con- 
ditions of this investigation. The calculated percent 
ot wiuek remaining (Mw) was plotted against the measured 
percent of fuel remaining. (M) in Fig. 30. This figure 
shows a very good one-to-one correlation between these 
Dwomguanulties tor the three fulels considered. 

Much work can be done’ to refine the techniques 


herein presented for the study of fuel svravs. It is 


felt that the equioment used is a very useful tool in 
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getermining the effects of various narameters uoon the 
evavoration of fuels. The use of »hotopranhic methods 
in spray studies is particularly attractive in that a 


direct measurement of fuel mass can be accomplished. 
CONCLUSIONS AND khsCOMMiNDATIONS 


items (CONG Oca Laat ;: 

iw lie cit cewmot air Lemperatures of finely 
atomized benzene sprays is most pronounced at short 
Sreuanecs from the fuel nozzle. 

eeaecwel meer wor vanvincreased air “Lemoeraturs 
on benzene soravs diminishes as the distance from the 
mozzle is increased. 

5. Benzene has a higher vaporization rate than 
[PogGebeie Or /Feo because of its lower boiling point. 

4. An emnirical formula was derived that ex- 
presses the nercent of fiel remaining unevaoorated ag 
PeeudeGenonm Of sinlec air temperature, fuel boiling 


Pern veo suamec irom the nozzle, and a factor, Kk, 


dependent upon the fuel being considereu. This formula 


Se er 7s 
Ta 57 
5500 


Oo. The values for K are: benzene ,1.70; isooctane, 


is: mt 


2.94: and JD eee Car OFS 


Somme formila pives good correlation for air 
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O O 
temperatures ranging from 150 F. to 600 F., distances 


from 5 to 17.5 inches from the nozzle and for the 


three fuels considered; benzene, isooctane and JP-d. 


It is recommended that: 
1. Photographic apnnaratus with a greater denth 
PerolamOe Vced {Or furthur experiments. 
2. A device to measure fuel dronlet velocity 
be employed. 
OS. A varlable area nozzle be used in order to 


isolate the fuel-air ratio as a parameter, 


(‘helr 
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SYMBOLS and NOTATION 


Area 

O 
Fuel boiling voint ( F) 
Distance from fuel nozzle (in) 
Acutal dron diameter (in) 
Photogranh drov diameter (in) 
Percent fuel evavoorated ; 
Gravitational constant (Z2.2 ft/sec ) 
Manometer reading (in. of alchol) 
eMmolrs cal “cons tant 
Mass of fuel (lbs) 
Mass flow (lbds/sec) 
Percent Inuel remaining, measured 
Bemcenl (ieee renaiaine ; calculated 
Number of drops 
Siatic oressure 
Dynamic oressure 

O O 

Universal gas constant (24.22 in. He-ft /slugs- R) 
Temperature Cp) 
Time (sec) 


Volume 


NeOLOCILy 





y - 7 | 5 
“O - Specific weight (lbs/ft ) 


Density 


- Microns 


SUBSCKIPTS 


> Air 
Average 
Areelete hea 
Fuel 
Total 








TABLE I 


Properties of Benzene 


Chemical Formula 


Molecular Weight 


Hydrogen-Carbon Ratio 
O 
Jerejes ove: elon can qe a 
} 
Specific Weight, lbs/ft 


Specific Volume lbs/gal 


Density, Slugs/ft 


Stoichiometric Fuel/Air Ratio 





5 
Bane 7 ft 


Va ft/sec 


a 


f 
P lbds/in 
f 


F/A Ratio 
8 5 in 


= 10 in 





84 


00205 


Ae 


68 


Photogravhic 


TABLe II 


2 
OF 


150 


o 0018S 


49.4 


68 


THST CONDITIONS 
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oT 


eeu 


SOLO 


o1.O 


OS, 


il- 


ie 


O29 


00141 


47,0 


fa! 


Plate Numbers 


o 


ol 
400 
sVOiZ 2 
49.6 
79 
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Fig. 26 
Fuel Spray Distribution Pattern 











Fig.27 


Illustrating the concentration 


of fuel in edge of spray. 
Outlined area indicates ares 
of drop-size count. Distan 


from nozzle is 5 inche 
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Derivation of pwmptrical Formula 


From a log-log plot of vercent fuel remaining 
(M) against inlet air temperature (Ta) for the three 
fuels, (Fig. 29), it was noted that the slopes of 
tocmlines were roughiy proportional to the boiling 
Poumctnonmmune Tues. tmese fuels were benzene, 
measured 10 inches from the Hozzle. isooctane, 
measured 10.4 inches from the nozzle, and JP-5, 
measured le inches from the nozzle. 

lieerderero tLransiorm thessiopes anto boiling 
points, the formula BP = Slope was used and Cy was 

“ 

found to have an average value of 287, 

The three lines were then extended to intersection. 
Using the point-slope form of the equation of a 
straight line 10 = re) , or for the log-log pilot, 


In M-ln M = -m(1n Ta-intTa, ); M, was determinea to be 
it 


1.1 ana Ta was 6200 at intersection. The equation then 


took the form: 


% ~Bre 
M = Ta oe | 
a (SVARIO) 
M was then calculated from the above formula for the 
data temperatures of benzene, and the calcalated Mi 


compared with the measured value of M. These two 


values varied by a constant factor, dependent uvon 











the distance from the nozzle where the data was taken. 


The factor of variation, M /M = f(d) was plottea 
against distance on a log-log graph. The voints fell 
on a straight line with a slove of 1.73 and an inter- 


cevt of 9.1 when M /M = 1.0. Therefore, 


tA 
% 


Mi 
eto 
ae 
9.1 
—- BP Ff —™ 1.73 
|" 
aes Te 


The variation in distance from the nozzle between 





or, 


the measurement of benzene, isooctane, ana JP-5 still 
KedeoomeeeoMeaccOuntLed ior, For tnese three fuels, the 
Scie Ma rn oe el ines RCOnsidgercd,= tue; tactor ey 
was computed, and the logarithm of this factor oe 
graphically subtracted from the original lines. The 
MevielineS, Wit une Gistance ITactor "suoLracted out, 
were then extended to intersection and using the voint-= 
Stope term of the straight line aeain, the constants 


of the emnirical equation were determined to be, 


“SF a” 


M was then calculated for all available data of ben- 


zene, ilsooctane, and JP-95. M was olotted against M 


ar 


a 


(the measured values) on a rectangular plot. Three 














Steareneerines Of difiterent slopes were obtained for 
tie three fuels. This indicated that the constant 1.65 
had to be modified for each fuel. The slopes of each of 
these three lines wus measured and miltiplied by the 
Cenatenus ls.) his pave the final constants for the 
POlweewaggemenzene, 1. /O-  lao00ctané, <.94; and JP=o5, 
4.00. 

A final calculation for Me was oerformed using the 
correlation formula in its final form. This value is 


plotted against the experimental measured values in Fig, 


6O and indicates good correlation. 
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Sample Calculations 


Nomograph Calculations: 


From the Perfect Gas Law 


Pp = PRT R = 24.2? in-He ft°/slug °R 
Ba aes 
as 
fa = here 
24. 20( Tat 460) 


fa 04175 Pa 
Ta + 460 


For dynamic pressure: 
2 


ae 
q 3 Ava 


y eG 
a Vas 
Specific gravity of manometer alcohol = .81l 


12 
q= 4.2 h 
then vo = S32 
Ae 


Nozzle Calculations: 


From Bernoulli's Equation: 


2 2 
V V 
f, = fy ee ~ P, 
2g 2g aa 
ignoring Ve : 
i 
co. 2g 
Ve = (P, ~ P,,) 


2 
y 2 = 2(32.2)(4 P)(144 
2 54.9 


< 
NM 


13VAP where AP = fuel injection 
e pressure drop 





Since Ve = 13VAP 
2 
and P = 81.4 p.s.i. 
Vp = 117.5 ft/sec 
2 





5 e 

Conversion of 2 nD Ema to mass; 
| 
For a sphere (drop) Vol = 4/3 Tr? r = 4D 


Vol = +7 = IE pr? for one drop 


Vol = tz nD? for all drops 


D' = D/10.75 pt? = p*/1242 scale factor 
_ 7 Env’ 86 
Vol = ae (1242) ~ + on GO, 
el .ASe ae = oe! ee 
m= VO1l( 7) 
, = 2422 2nd? x 107? x 54.9 
1728 


oe esd 10” st 





Calculation of initial mass of fuel injected: 

Velocity of injected fuel 

°F = 117.5 ft/sec = 1410 in/sec 
height of photographed spray area = 9 in. 
scale factor 1:10.75 
tunnel distence covered by photograph 

d = 9/10.75 = .838 in. 
elapsed time 

t = .838/1410 = .594 x 107? sec. 








Fuel delivery rate of nozzle 


ih. = .835 lb/min = .01392 lb/sec. 

Np = ih. [ 

m, = (.01392)(.594) x 107? 

Mp = 8.28 x 107° lbs. total fuel delivered 


spray edge concentration allowance = 75% 


(.25)(8.28) x 107° 


6 


me 


2.07 x 10 ~~ lbs. of uniform spray 


=f 


Fractional mass photographed at d = 5 in. 


spray half width = 5 tan 10.5° 
255 t.1e5) 
= .9°5 in. 

oO ee a 
phtograph half width = Tess = 2882 in. 
area photographed = A = .9889 

total area An es 
— = .312 
T 


Percent of spray in focus = 38.5% 


Corrected amount of fuel delivered 


m,= (.312)(.585)(2.07) x 107° 


m, = 2485 x 10729 ibs. 
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